Electrode material aging leads to a decrease in capacity and/or a rise in resistance of the whole cell and thus can dramatically affect the performance of lithium-ion batteries. Furthermore, the aging phenomena are extremely complicated to describe due to the coupling of various factors. In this review, we give an interpretation of capacity/power fading of electrode-oriented aging mechanisms under cycling and various storage conditions for metallic oxide-based cathodes and carbon-based anodes. For the cathode of lithium-ion batteries, the mechanical stress and strain resulting from the lithium ions insertion and extraction predominantly lead to structural disordering. Another important aging mechanism is the metal dissolution from the cathode and the subsequent deposition on the anode. For the anode, the main aging mechanisms are the loss of recyclable lithium ions caused by the formation and increasing growth of a solid electrolyte interphase (SEI) and the mechanical fatigue caused by the diffusioninduced stress on the carbon anode particles. Additionally, electrode aging largely depends on the electrochemical behaviour under cycling and storage conditions and results from both structural/morphological changes and side reactions aggravated by decomposition products and protic impurities in the electrolyte.
Introduction
Lithium-ion cells are attractive candidates for power storage owing to their high power and energy-density and low selfdischarge rate. At present, they are widely used in portable instruments, communication equipment, and so forth. During the past few years, lithium-ion cells have been extensively applied in automobiles such as hybrid electrical vehicles (HEVs), plug-in hybrid electric vehicles (PHEV), and blade electric vehicles (BEVs) [1] . The goals of the Freedom CAR research, initiated by the United States Advanced Battery Council (USABC), require a 15-year lifespan of battery systems for HEVs and a 10-year lifespan for BEVs. As such, a lifetime of lithium-ion cells of up to 1000 cycles at an 80% depth-of-discharge (DOD) is required according to the cycling life [2] .
Unfortunately, the life span of a lithium-ion cell, as is generally known, is restricted by side reactions that may be detrimental to the cell's component parts, which include the active lithium, binder, current collectors, the separator, conducting salt and solvents, and these reactions result in a capacity decrease/resistance rise of the cell [3] [4] [5] . In particular, the electrolyte's components are sensitive to exposure to different temperatures and operating conditions [6] .
Understanding the electrode aging mechanisms in lithium-ion batteries is of great importance to address the life time and safety challenges, to make precise lifetime predictions, and to improve the battery performance [7] . For lithium-ion batteries, the impacts of the multiple factors contributing to electrode aging are not independent but instead have synergistic effects on battery aging [4] . Thus the explanations for capacity/power fading and the resistance rise are not given in terms of a single factor, which complicates the understanding of electrode material aging, and many researchers have been making great efforts to explore the aging mechanisms for many years [8] . This paper attempts to study and summarize the present research regarding the predominant aging mechanisms of the positive electrode (metallic oxide cathode) and the negative electrode (carbon anode) of lithium-ion cells applied to EVs. Because the aging mechanisms of the cathode and anode are obviously different, they are discussed in separate sections. First, the aging mechanisms of the positive electrode materials are presented, with explanations of the aging phenomenon originating from the dominant factors. Later, we elaborate on the SEI evolution and some basic aging mechanisms affecting the negative electrode. Finally, the influences of the electrolyte on the cathode and anode, ageing itself, the thermal stability, and the hydrolysis reaction at ambient temperatures are discussed in the corresponding sections.
Aging Mechanisms of the Positive Electrode
Cathode materials determine significantly not only the performance of lithium-ion batteries but also their calendar and cycle lives. Lithium-manganese-oxides (LiMn 2 O 4 ) with spinel structures and lithium-nickel-cobalt-mixed-oxides (LiNiCoO 2 ) with layered structures are widely accepted as the choices of cathode materials for applications in high-energy and power-dense batteries according to the factors of cost, abundance, and performance, and they have been extensively studied in recent years [9, 10] . Figure 1 from [11] is a schematic diagram showing the main aging mechanisms for cathode materials. In the beginning, aging occurs in the battery's electrolyte, and the origin can be electrochemical, mechanical, or thermal and is strongly dependent on the electrode materials [2, 9] . Aging causes degradation of cell parts over the whole life cycle [10] , which leads to changes of the structural characteristics, decomposition of the blinder/electrolytes, formation of a surface layer and metal dissolution, and so forth [3] . Some basic aging mechanisms under cycling and different storage conditions for each type of cathode materials (LiMn 2 O 4 and LiNiCoO 2 ) will be discussed separately because of their obvious distinction; moreover, the capacity fading and their preventive measures are also studied in this section.
Structural Factors.
The insertion and extraction of lithium ions cause variation of the molar volume of the cathode materials. It also leads to mechanical stress and strain of the metallic oxide particles. Then, the emergence of phase transitions can subsequently cause crystal distortion and further mechanical stress (Figure 1 ). The reversible electrochemical reactions of the cathode materials are in progress as the lithium ions are inserted/extracted in/from the lithiummanganese-oxides and are expressed by
The LiMn 2 O 4 spinel has a cubic structure with Mn located on octahedral 16d sites and Li ions on 8a tetrahedral sites in a cubic close-packed array of oxygen anions. At low potentials below 3 V versus Li/Li + , Li ions are inserted into vacant octahedral sites and produce a JahnTeller distorted tetragonal phase: Li 2 Mn 2 O 4 . Furthermore, a significant phase conversion appears which causes fracturing, decrepitation of the electrode, and loss of contact to conductive particles, thus resulting in rapid capacity fading during the charging and discharging operations [11, 12] .
In the most recent literature [13] [14] [15] [16] [17] [18] [19] , further phase transitions taking place within LiMn 2 O 4 spinel have been Journal of Chemistry 3 confirmed. The shapes of the superstructure phase of the lithium at = 0.5 [20] and the double hexagonal phase [21] must be maintained for the purpose of achieving good cycling stability. Some measures, such as the partial replacement of manganese ions by excess lithium and/or by divalent or trivalent cations such as Al, Mg, Co, and Cr [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] , can be adopted to diminish the molar volume changes of particles during the cycle to improve the capacity retention.
In the lithium-nickel-cobalt-oxide system, the LiNiO 2 and LiCoO 2 compounds have the -NaFeO 2 crystallized layer structure, consisting of a cubic close-packed oxygen array with transition metal and lithium ions occupying octahedral sites in alternating layers [12] . It is difficult to synthesise a pure LiNiO 2 compound because of the structural disorder reaction, which is given by
However, lithium-nickel-disorder will decrease as the cobalt content increases. Meanwhile, monoclinic/hexagonal phase transitions arise in pure lithium-nickel-oxide, during the process of electrochemical lithiation/delithiation, and can be prevented by a cobalt content of approximately 20 mole% [12, 22] .
Additionally, there are two kinds of new electrode materials: LiNi 0.8 Co 0.15 Al 0.05 O 2 (NCA) [33, 34] and LiNi 1/3 Mn 1/3 Co 1/3 O 2 (NMC) [35] . Compared with LiNiO 2 and LiCoO 2 , they have higher specific capacities-despite their isostructure-and improved structural, chemical, and thermal stabilities [36] . The reduction in the amount of cobalt will improve the structure of the materials and reduce the cost compared to the parent compounds like LiNiO 2 and LiNi 1/2 Mn 1/2 O 2 . The doping of Al in LiNiO 2 will improve the thermal stability and low-level partial substitution of Al [37, 38] or Mn [39, 40] for cobalt in NMC also has been shown to improve the thermal behaviour [41] and cycling stability [42] , whereas the addition of small amounts of Ti appears to increase the practical capacities and improves cycling over an extended voltage range [12, 22] . Hence, incorporation of Al, Mg, or Cl in LiNiCoO 2 leads to better cycle stability compared to undoped oxides [43] [44] [45] [46] [47] [48] ; moreover, the chargedischarge tests show that both the specific capacities and capacity retentions of Cl-doped cathodes increase compared to those of the undoped materials, especially for the capacity retention in the high-voltage region [49] [50] [51] [52] [53] [54] .
Surface Effects/Chemical Decomposition in Electrolytes.
The formation of surface membranes because of electrolyte oxidation and decomposition is mentioned in the literature [55] [56] [57] [58] [59] . At elevated temperatures, high-voltage storage induces side reactions such as some electrolyte decompositions at the cathode/electrolyte interface accompanied by CO 2 gas evolution [60] [61] [62] . Then, the metallic oxide-coated cathode can contribute to oxidation reactions as an oxygen source itself by the formation of a subsurface membrane of oxide-phase defects of the rock-salt construction [63, 64] .
The surface membrane on a lithium metallic oxide cathode is shown in Figure 1 . The formation of a surface film on LiMO -based (M = Co, Ni, Mn) cathodes as the source of an observed impedance increase upon cell cycling has been identified by Electrochemical Impedance Spectroscopy (EIS) techniques [65] [66] [67] [68] [69] [70] [71] . This means that Li + ions must also travel through an additional (solid electrolyte interphase-(SEI-) type) layer between the cathode and electrolyte, which will be further discussed in the next section. This rock-salt structure embodies the low conductivity character of lithium ions and causes the surface resistance rise of the electrode [11, 16, [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] .
Metal Dissolution.
Metal dissolution, especially manganese dissolution occurring between lithium-manganeseoxides (spinel) and the electrolyte, is an important issue at elevated temperatures [16, [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] . The manganese dissolution causes a loss of active material and a subsequent capacity fading of the electrode. Apparently, manganese ions that are dissolved from the cathode move towards the anode, after which they merge into the SEI there, which will be further discussed in next section. This phenomenon can accelerate the electrolyte decomposition and aggravate the anode self-discharge. Accordingly, the existence of even a small amount of manganese in the electrolyte will affect the life span of the lithium-ion cell. Generally, two kinds of manganese dissolution are discussed, especially at elevated temperatures: dissolution occurring at low potentials and acid dissolution accelerated by hydrofluoric acid (HF) [11, 22] . Moreover, the precipitation of various lithium-manganeseoxides on the cathode and loss of electronic contact of the manganese compound, such as MnF 2 and MnCO 3 , resulting in resistance rise of the electrode have been investigated by scanning electron microscopy (SEM) and energy dispersive X-ray analysis (EDX) [16] . In contrast to lithium-manganeseoxides, metal dissolution of lithium-nickel-cobalt-mixedoxides in an electrolyte appears to be negligible. Only a tiny amount of dissolution occurs, and a small amount of cobalt can be found on the anode when lithium-nickel-cobaltmixed-oxides are charged beyond a stable potential window of 4.2 V versus Li/Li + [93, 94] .
Conclusion on Cathode Aging
. Table 1 provides a summary of the principal characteristics of cathode aging and the discussed measures that reduce the effects. As for the cathode, aging phenomena may be primarily ascribed to changes of the cathode materials' structures, surface effects and electrochemical reactions at the electrode/electrolyte interface, and metal dissolution. Furthermore, electrode aging is catalyzed by elevated temperatures, high ΔSOC (state of charge), and high charge and discharge rates, among others. We conclude that the predominant aging mechanisms of the metallic oxide cathode can be summarized as follows:
(i) The aging of electrode materials that results from structural disordering and phase transitions can be reduced by using new active materials or by adjusting their compositions and controlling the charge cutoff voltage. (ii) Both electrochemical decomposition and formation of surface membranes can be reduced by operating within an appropriate temperature range and by controlling the charge cutoff voltage.
(iii) Metal dissolution, mainly in the form of Mn dissolution, can be restrained by avoiding deep discharge, blending the lithium-manganese spinel powder with lithium-nickel-cobalt-oxides, and using an alternative electrolyte.
Aging of the Negative Electrode
Generally, the most critical part of the cell is the anode/ electrolyte interface because of the high reactivity of the organic electrolyte with any type of electrode material and lithium ions. Graphite, carbon, amorphous silicon, and lithium titanium oxide are the main candidates for the anode materials [53, 71, [95] [96] [97] . Figure 2 from [11] shows a flowchart of the aging mechanisms for anode materials of a lithium-ion battery. To further the discussion, the anode aging under the conditions of storage and use will be summarized in terms of the following: (i) SEI formation, stable growth, dissolution, and precipitation at the interface between the anodes and electrolytes; (ii) anode mechanical failure; and (iii) anode electrochemical aging.
Evolution of the Passivated Surface Layer at the Anode/ Electrolyte
Interface. Graphite is commonly adopted as the anode material for lithium-ion batteries with organic electrolytes, such as LiPF 6 , with cosolvents like ethylene carbonate (EC), dimethyl carbonate (DMC), diethyl carbonate (DEC), and methyl ethyl carbonate (EMC) [98] . Because the interface reactions take place between the composite anode and the electrolyte solution, changes at the anode and electrolyte interface are regarded by many researchers to be the main source of anode aging [7, 11, 16, [72] [73] [74] [75] [76] [77] [78] [79] . When the anode operates at a potential that exceeds the electrochemically stable window of the electrolyte components, some major reactions in a LiPF 6 salt system with EC and DMC are supposed to take place, and these reactions are listed below to show the processes and products ( (3)- (8)) [99] [100] [101] [102] .
As the reactions continue, the consumption of lithium ions and the electrolyte solvents are inevitable as the electrode is in a state of charge; then, the electrolyte decomposes and produces deposits. This process subsequently results in the formation of a protective, ionically conductive but electrically insulating passivation layer on the surface of the anode during the first charge cycle, the so-called SEI (e.g., LiCO 3 , (CH 2 OCO 2 Li) 2 , CH 3 OCO 2 Li, Li 2 O, and LiF), and the SEI evolution is illustrated in Figure 3 , which is from [11] . Furthermore, the ROCO 2 Li can undergo a reduction reaction with traces of H 2 O and CO 2 in the electrolyte to form LiCO 3 [102] [103] [104] [105] [106] [107] [108] [109] , which further reacts with EC to form transesterification products [11, [99] [100] [101] [102] . Additionally, anion contaminates, such as F − from LiPF 6 , readily react with lithium ions to form insoluble reaction products LiF, which are nonuniform, are electrically insulating, and are unstable on the surface of the graphite particles. When the side reactions continue during prolonged cycling, the produced deposits accumulate in the SEI and consequently lead to stable growth of the SEI, which, in turn, leads to the loss of active lithium and further decomposition of the electrolyte [110, 111] . Subsequently, restructuring of the damaged SEI or a reprecipitation of the dissolved SEI products might occur as the SEI membrane begins to dissolve or to decompose [16, 102] :
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In addition, interactions of the anode with the cathode must also be taken into account. For instance, metal is present on the anode surface. Dissolution of the cathode electrode metal from the lattice into the electrolyte can be caused by two main reaction mechanisms in the cell [11] . These reactions can be due to the disproportionation of Mn 3+ to Mn 2+ and Mn 4+ ions at low states of charge or due to traces of HF within the LiPF 6 electrolyte. Because manganese ions do not change their oxidation state to Mn 3+ during storage within the NMC and the spinel phase, manganese dissolution caused by HF is more likely. Dissolved transition metals are transported through the electrolyte to the surface of the anode, resulting in the deposition of cation contaminates, such as Mn, Co, and Fe, which are incorporated into the SEI layer [3, 4, 21, 98, 102] .
Moreover, the graphite electrode materials are susceptible to lithium plating and lithium dendrite growth because of the close proximity of its reversible potential to that of Li + /Li. Both effects are especially aggravated when the unmodified graphite anode operates at low temperatures (below 25 ∘ C) [112] and/or a high charging rate. Thus, these factors are attributed to the lithium plates on the SEI surface of the anode. If these moss-like metallic deposits and dendrites continue to grow between the polymer separator and the anode, a short circuit is created, which then can lead to thermal runway and battery failure [11, 98] .
Anode Mechanical Failure.
Fracture and decrepitation of the electrodes are critical challenges existing in lithium-ion batteries as a result of lithium diffusion during the charging and discharging operations. When lithium ions intercalate and deintercalate into/from the graphite electrode, a large volume change on the order of a few to several hundred percent can occur. Diffusion-induced stresses (DISs) can therefore cause the nucleation and growth of cracks, leading to mechanical degradation of the active electrode materials [113] . Cuenot et al. [114] have clarified the influence of the nanowire radius on the mechanical properties, including the apparent stiffness and tensile modulus. Hence, for nanoscale electrode structures, surface energies and surface stresses can be expected to have a significant impact on the mechanical properties of the electrode materials. Additionally, cycling the lithium-ion batteries at high C-rate and high state of charge (SOC) induce mechanical strain on the graphite lattice of the anode electrode due to the steep gradient of lithium ions [98] . Nevertheless, graphite exfoliation and particle cracking rising from solution cointercalation, electrolyte reduction, and gas evolution inside the graphite will definitely cause a rapid decay of the electrode [96, 97] . In particular, the gas evolution, which accelerates cell aging, is considered to exert a tremendous influence on the changes of the active materials [53] .
Anode Electrochemical
Aging. The resistance rise of the electrode, which has a significant correlation with power fading of the whole cell, has been measured by many researchers [56] [57] [58] [59] [110] [111] [112] [113] [114] [115] [116] [117] [118] . The resistance rise is considered to result from the thickening of the SEI along with the continual chemical changes of the SEI [60] [61] [62] [63] [64] . Additionally, the thickness and constituents of the SEI membranes deposited on aged electrodes were further researched by inductively coupled plasma (ICP) and EDX measurements [6] .
The effects of different temperatures on the anode electrochemical characteristics are prominent: The kinetics of the lithium intercalation/deintercalation into/from the anode materials are significantly accelerated at elevated temperatures, and the structure and morphology of the SEI are expected to change with a rise of temperature [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] . The thermal runaway may lead to fire or explosion of the cell in some extreme cases. Thus, the SEM and X-ray diffraction (XRD) have been adopted by different groups to explore the electrode or cell thermal characteristics at elevated temperatures [119] [120] [121] .
Furthermore, it is generally accepted that some basic mechanisms exist that account for the general aging phenomena in the lithium batteries, although each battery may possess different electrochemical behaviours. The strong reactivity of the electrolyte and lithium ions and the stability of the SEI are the main contributors to the stability of the overall cell. Thus, a modified graphite electrode with properly chosen active materials and electrolyte results in an anode that is stable during both storage and cycling [53, 98] .
Conclusion on Anode
Aging. The aging mechanisms of the anode, in addition to those intrinsic to the anode, may predominantly be ascribed to changes of the electrode and electrolyte at the interface between them. Summarizing in brief, we can conclude that the main mechanisms of the anode aging occur for the following reasons: (i) Changes at the anode/electrolyte interface: the SEI membrane is fabricated during the first electrochemical charge and then further evolves with precipitation on the anode during cycling and storage. Moreover, interactions of the anode with the cathode and metallic lithium plating must be considered as significant factors in the anode aging.
(ii) Mechanical failure such as graphite exfoliation and particle cracking leads to isolation of active materials, which subsequently aggravates electrode aging.
(iii) Anode electrochemical aging characteristics: some side reactions at the electrode/solution interface or the SEI and electrolytes, together with the contact loss within the composite anode materials, consequently result in a resistance rise of electrode.
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Conclusions
Battery aging generally manifests in the form of a power/ capacity decrease and impedance/inner resistance rise during storage and cycle. This review presented the aging mechanisms of electrode materials in lithium-ion batteries, elaborating on the causes, effects, and their results, taking place during a battery's life as well as the methods adopted to mitigate the aging phenomena in lithium-ion batteries. Structural disordering and mechanical effects are the predominant aspects of aging of cathode materials used in lithium-ion batteries upon cycling. However, the cathode, by applying state-of-the-art doped materials, such as Al, Mg, and Cl-doped lithium-nickel-cobalt-mixed-oxides, exhibits good cycling stability. Additionally, phase transitions are dependent on the high state of charge and upper cutoff voltage. Moreover, the lifespan of cathode materials, for example, lithium-manganese spinel, extended by operating within reasonable electrochemical potential windows and temperature ranges. Further, the capacity fading can be attributed to the loss of cyclable lithium and active materials due to the formation and development of an irreversible SEI membrane at the anode. Additionally, the SEI membrane is unstable when exposed to elevated temperatures, which is another cause of continuous lithium consumption and the consequent capacity fading as the surface membrane is increasingly rebuilt. Elevated temperatures and high storage potentials initiate the decomposition of the electrolyte's components. This effect is probably not caused by electrolyte decomposition alone and may be caused by a porous surface layer that is permeable for the electrolytes but acts as a hindering layer.
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